This study explores the possibility of using olive mill waste to remove phenol from aqueous effluents. The removal of phenol was investigated in both batch and continuous processes. Batch mode adsorption studies were performed by varying parameters such as operating time, initial phenol concentration, and solid to solution ratio. Column mode adsorption studies were performed by varying parameters such as initial phenol concentration, bed height, and volumetric flow rate. The rate of adsorption was observed to increase as the phenol initial concentration increases; the solid to solution ratio increases; bed height increases; and volumetric flow rate decreases. The well known Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich isotherm equations were applied for the equilibrium adsorption data and the various isotherm parameters were evaluated.
Introduction
Wastewaters containing phenolic compounds are a serious environmental problem, and these waters cannot simply be released into the environment without treatment.
Phenols and their derivatives are invariably present in the effluents from industries engaged in the manufacture of a variety of chemicals such as plastics, dyes, and in plants used for thermal processing of coal. Many of these phenols are carcinogens even when present in low concentrations. The presence of phenols in water also produces foul smelling, during chlorination treatment of water for domestic supply.
The toxic and hazardous nature of phenols and their derivatives have been well documented [1,2 ,3 ,4] and can cause several health problems (Slein and Sansone, [5] ). Phenolic compounds have been classified as high-priority pollutants by the USA EPA (Environmental Protection Agency) [6] . Phenolic compounds are usually present in wastewater generated from the paint, solvent, petrochemical, coal conversion, pharmaceutical, plastic, iron-steel and paper and pulp industries.
Several methods are currently used for the removal of phenol and its derivatives from wastewater, e.g. microbial degradation, chemical oxidation, incineration, solvent extraction and irradiation [7, 8, 9, 4] . However, by far the most frequently used technology is adsorption by a solid phase. Several different adsorbent solids such as activated carbon [10 ] silica [11] , glass powder [12] , polymeric resins [13, 14] , fly ash [15, 16, 17, 18, 19, 20 ] , peat [20, 21] , kaolinite [22] and zeolites [23, 24] have all been proposed to remove phenolic pollutants from wastewater.
Experimental procedure

Adsorbent
Starting material olive mill waste was provided by a factory from Al Wahhat (Egypt). The preparation of the adsorbent was as followed, olive mill waste overnight, crushed, sieved. The resulting material was used without any further treatment in the adsorption process.
Adsorbate
Analytical grade phenol from J.T. Baker was used in the experiments. Stock solutions of phenol were prepared using de-ionized water.
Preliminary kinetic study
A preliminary kinetic investigation was made at certain operating conditions in order to determine the time needed practically to reach equilibrium. A large number of conical flasks containing the same adsorption mixture were well shaken at temperature 25 C and samples were separately withdrawn at different time intervals. The withdrawn samples were filtered then analyzed. Samples are repeatedly withdrawn until equilibrium is reached.
Adsorption studies
Sorption studies were conducted in a routine manner by both batch and continuous techniques. For batch experiments a fixed amount (0.25 gm) of olive mill waste were placed into 250-mL flasks containing 20 mL solution with different initial concentrations (50 -700 mg/L) of phenol solution. The flasks were shacked on a shaker at 150 rpm with a constant shaking rate for the time needed to reach equilibrium from the preliminary kinetic investigation then the samples was filtered and the phenol concentration was determined. All the experiments were carried out in duplicates and the average value were used for further calculations. The studies were performed at a constant temperature of 25ºC to be representative of environmentally relevant conditions. Kinetic experiments were conducted using a known weight of adsorbent dosage and employing phenol concentration.The effects of the dosage of adsorbent, the initial phenol concentration, and contact time will be studied. The amount of phenol adsorbed on olive mill waste will be determined by the difference between the initial concentration (C o ) and the equilibrium concentration (C e ).
The amount of phenol adsorbed at equilibrium q e (mg/g) was calculated from the following equation:
Where C o and C e represent the initial and equilibrium phenol concentrations (mg/L), respectively; V is the volume of the phenol solution (mL) and m is the amount of adsorbent (mg).
The adsorbent dosage was changed in the range of 0.25 -1 gm.
The initial phenol concentrations were varied from 50 to 700 ppm.
Time dependent experiments were carried out by leaving the adsorption mixture at various predetermined intervals and analyzing the phenol content at the end of contact time. Each time, a different sample was used to ensure that the solid/liquid (S/L) ratio didn't change after sampling. The amount of adsorption at time t, q t (mg/g), was calculated by
Analysis of phenol
The concentration of residual phenol in the sorption medium was determined with direct photometric method. At the end, after the preparation of samples according to the standard methods, the residual phenol concentrations were measured using (spectrophotometer DR-2010, HACH) by chloroform extraction method. The absorbance of the colored complex of phenol with 4-aminoantipyrine was measured at 460 nm [23] .
Results and discussion:
Preliminary kinetic investigation
Figure (1) depicts the preliminary curve for the adsorption of phenol onto olive mill waste. As shown from figure one the adsorption mixture reached equilibrium after 100 min. so, at all experiments of this paper a120 minutes of agitation was used. (2) that the amount adsorbed increased with the increase in the concentration of solution. When the initial phenol concentration was increased from 100 to 600 mg/L, the adsorption uptake of olive mill waste increased.
Effect of initial phenol concentration
A higher initial concentration provides an important driving force to overcome all resistances for the phenol between the aqueous and solid phases, thus increasing the uptake. The effect of contact time on the removal of phenol by the olive mill waste at initial concentrations 100-600 mg/L showed rapid adsorption of phenol in the first 30 min. The adsorption rate decreased gradually and the adsorption reached equilibrium in about one hour for all the initial concentrations used. The time required to attain this state of equilibrium was termed the equilibrium time and the amount of phenol adsorbed at the equilibrium time reflected the maximum phenol adsorption capacity of the adsorbent under these particular conditions. These results were also obtained by Reza Ansari [25] . 
Effect of olive mill waste dosage on adsorption
Figure (3) shows the phenol removal from aqueous solutions as a function of added olive mill waste. Olive mill waste dosage ranged from 0.25 to 1 g for the 20 mL of phenol solutions. It can be seen that the maximum removal expressed as a percentage removal was about 85% from initial phenol at dosages 1 g of olive mill waste. Phenol removal increased quickly from 52% to 85% when the olive mill waste dosage increased from 0.25 g to 1 g and reached a maximum for 1 g olive mill waste. This trend is expected because as the adsorbent dose increases, the number of active sites for binding phenol molecules on the adsorbent increases and thus more phenol was attached to their surface. Thus it results in the increment of adsorption efficiency until saturation. These results were agreed with those abstained by M. Ghaedi [26] , and T. Smithaa [27] . 
Adsorption isotherms models
Adsorption isotherms are mathematical models that describe the distribution of the adsorbate species among liquid and adsorbent, based on a set of assumptions that are mainly related to the heterogeneity/homogeneity of adsorbents, the type of coverage, and possibility of interaction between the adsorbate species. It also provides a panorama of the course taken by the system under study in a concise form, indicating how efficiently an adsorbent will adsorb and allows an estimate of the economic viability of the adsorbent commercial applications for the specified solute 5 . 
where q e is the mono-layer adsorption capacity of adsorbent (mg/g), K L is the Langmuir adsorption constant (L/mg) and q L is the mono-layer adsorption capacity of adsorbent (mg/g). Therefore, a plot of C e /q e versus C e gives a straight line of slope 1/q L and intercepts 1/(q L K L ). The Freundlish model can be expressed as:
Log q e = log K F + (1/n) log C e (4)
Where K F and n are the Freundlich adsorption constants which can be determined by the linear plot of log q e versus log C e.
The Temkin isotherm equation is given as: q e = B ln A + B ln C e (5)
where A and B are Temkin constants. A plot of q e versus ln C e can be used to determine the constants A and B. The Dubinin-Radushkevich (D-R) isotherm was used to fit with the experimental data, and it can be represented as:
ln q e =ln q m ß 2 (6) where ß is a coefficient related to the mean free energy of adsorption (mmol 2 /J 2 ), q m is the maximum adsorption capacity and is the Polanyi potential (J/mmol) that can be written as:
Where R is the gas constant and T is the absolute temperature. The equilibrium adsorption isotherms were performed by plotting phenol adsorbed (q e ) against the equilibrium concentration of phenol (C e ) in solution.
Correlation coefficients and parameter values for the four isotherms were presented in table (1) . Based on the correlation coefficients, the applicability of the isotherms was compared. The experimental results indicate that the sorption of phenol onto olive mill waste followed Dubinin-Radushkevich (D-R) isotherm model.
To determine if adsorption process was favorable or unfavorable for Langmuir type adsorption process, Langmuir isotherm is then classified using a dimensionless constant separation factor (R L ), which can be defined as: (8) where C max is the highest (initial) metal concentration in solution (mg/L). If the value of R L < 1, it indicates a favorable adsorption and if R L > 1 then, an unfavorable adsorption. The R L values for the adsorption of phenol onto olive mill waste was in the range 0 < R L <1, indicating that Langmuir adsorption is favorable.
Kinetic Modeling
The kinetics of phenol adsorption can be modeled by various equations. The pseudo-first-order Lagergren equation is given as [16] ,
Log (q e -q t ) = log q t t e (k 1 k /2.303) t (9)
Where q t and q e are the amounts of ion adsorbed at time t and at equilibrium (mg/g), respectively, and k 1 is the rate constant of pseudo-first-order adsorption process (h 1 1 ). The slope and intercept of plots of log (q et ) versus t were used to determine the first-order rate constant k 1 and equilibrium adsorption capacity q e . (10) Where k 2 is the equilibrium rate constant of pseudo-second-order adsorption (g/mg.h). If the pseudo-second-order equation is applicable, the plot of t/q t versus t gives a linear relationship, and then k 2 and q e can be calculated from the slope and intercept of the line. The adsorption data may also be analyzed using the Elovich equation [23] , which has the linear form:
Where ß is the initial sorption rate constant (mg/g h), and the parameter ß is related to the extent of surface coverage and activation energy for chemisorptions (g/mg). The constant can be obtained from the slope and intercept of the plot of q t versus ln t.
The intra-particle diffusion model was also tested. The initial rate constant for intra-particle diffusion is obtained using the equation [7] :
Where k int is the intra-particle rate constant (mg/g.h 1/2 ). Table 2 represents the constants of kinetics models for phenol adsorption on olive mill waste. The obtained data revealed that pseudo-second order equation provides the best correlation coefficient (Figure 4 ) with extreme high values (>0.99). In addition, the calculated q e values also agree with the experimental data in the case of pseudo-second-order kinetics. These suggest that the adsorption data are well represented by pseudo-second-order kinetics and it supports the assumption that the chemical adsorption is the rate-limiting. The reaction mechanism may be partly a result of the ion exchange between phenol and the hydroxyl and carboxylic groups on the olive mill waste surface [23] . 
Fixed Bed Studies
Effect of flow rate
The results for different phenol solution flow rates are plotted for a bed height of 0.2 m and inlet phenol concentration of 250 ppm, Fig. 5 shows that as the flow rate increases from 0.2 to 0.6cm3/sec, the breakthrough curve becomes steeper. The break point time decreases without considering the velocity variation along the bed. This is because of the residence time of the solute in the column, which is not long enough for adsorption equilibrium to be reached at high flow rate. So at high flow rate the phenol solution leaves the column before equilibrium occurs. Furthermore, a fixed saturation capacity of bed based on the same driving force gives rise to a shorter time for saturation at higher flow rate. 
Effect of initial concentration
The effect of initial phenol concentration on effluent concentration is shown in Fig. 6 . During these, simulations other parameters such as bed height and flow rate are kept constant. It is observed that as the inlet phenol concentration increases, the break point time decreases without considering the velocity variation. For larger feed concentration, steeper breakthrough curves are found, because of the lower mass-transfer flux from the bulk solution to the particle surface due to the weaker driving force. In addition, at high concentration, the isotherm gradient is lower, yielding a higher driving force along the pores. Thus the equilibrium is attained faster for values of higher phenol concentration. 
Conclusion
The adsorption of phenol from aqueous solution using olive mill waste as an adsorbent was investigated under different experimental conditions in batch process and column process. The Dubinin-Radushkevich (D-R) adsorption isotherm was found to have the best fit to the experimental data. The adsorption kinetics can be predicted by pseudosecond-order kinetic.
From the fixed bed investigations, as the flow rate is increased, the breakthrough curve becomes steeper. The break point time is obtained earlier and effluent phenol concentration ratio increases more rapidly. For smaller bed height, the effluent phenol concentration ratio increases more rapidly than for a higher bed height. For larger initial phenol concentration, steeper breakthrough curves are obtained and break point time is achieved sooner.
The results indicate that olive mill waste can be used as adsorbent material for adsorption of phenol from aqueous solutions.
